Abstract-Vivaldi antennas are excellent radiating elements that provide high gain and wide bandwidth. However, due to their end-fire radiation pattern they are not suited for the integration in printed circuit board (PCB) technology, if a broadside radiation is required. This paper presents a modified Vivaldi antenna loaded with a periodic arrangement of metallic strips that allows to achieve a broadside radiation pattern. Good agreement is obtained between the full-wave simulation results and the experimental data in terms of impedance matching, gain and radiation pattern.
I. INTRODUCTION
Radar systems are currently one of the key sensors of driver assistance systems [1] . The 76 GHz-81 GHz frequency band has been allocated in Europe for automotive radar systems.
The antenna is an integral part of the sensor and it has a great impact on the system performance. The specific application requires an antenna radiation pattern with a narrow beam in the elevation plane and a wide beam in the azimuth plane [2] . Moreover, standard PCB technology is mainly employed to achieve a cheap mass production of the sensors. Lightweight planar antenna elements allow the design of compact radar systems that could be easily integrated beyond the bumper of the car. Finally, an antenna with a broadband behavior helps to increase the robustness of the design against the unavoidable etching tolerances that can become critical at millimeter-wave frequencies.
Vivaldi antennas [3] are usually excellent planar radiating elements that present moderately high gain, wide bandwidth, and easy fabrication by means of standard PCB photo-etching process, but they are not suited for automotive radar applications due to their end-fire radiation pattern that increases the overall installation depth of the sensor. A broadside pattern is thus an appealing feature in the antenna design for automotive radar applications. In [2] the authors suggest the use of parabolic reflectors integrated on the metal housing of the radar sensor to achieve a broadside pattern from an end-fire antenna. This solution increases of course the dimensions and the weight of the sensor.
Recently, new designs of the Vivaldi antenna have been proposed to get a broadside radiation pattern [4] , [5] . In [5] the authors describe a two-element parallel-fed array of Vivaldi antennas on a complex three-layers structure for the integration with a metal reflector, while in [4] for the first time the authors propose the use of periodic metallic strips placed beyond the antenna on a single layer structure to get an almost perfect broadside radiation at 2.45 GHz.
In this paper, the idea suggested in [4] is further developed for the first time at millimeter-wave frequencies to get a modified Vivaldi antenna with a broadside radiation pattern while keeping the aforementioned advantages of the original Vivaldi antenna.
II. ANTENNA CONCEPT
The antenna concept is shown in Fig. 1 . A single-layer design is employed. On one side of the substrate, a Vivaldi antenna is placed, while on the opposite side, a periodic set of metallic strips is located beyond the taper of the antenna. The presence of the metallic strips allows an almost broadside radiation to take place.
The modified Vivaldi antenna can be basically divided into two main sections, that are highlighted in agation. The fundamental slotline mode propagates and the interaction with the periodic strips is still weak.
In the second section, by loading the back side of the substrate with the periodic copper strips, the field distribution changes. The structure is similar to a conductor-backed slotline [6] , in which different modes propagate: the fundamental odd-mode and two parallel plate modes (in the two halves of the structure respectively) between the top metallization of the Vivaldi antenna and the metal strips on the back. As expected, the fundamental mode can radiate in the free space when it is not sufficiently bounded to the structure. This causes the main radiation mechanism of the antenna. On the other hand, the parallel plate mode propagates in the structure laterally until the open end of the transmission line. There the wave will be partially radiated and partially reflected back, where it will superimpose to the incident wave causing thus a standing wave pattern. Due to the discontinuity of the slot, the back-reflected wave will radiate, too.
Since the gap between the metallic strips is much smaller than the free-space wavelength at 77 GHz (g λ 0 , see Tab. I), the set of metallic strips behaves indeed as a reflector for the antenna, causing thus the radiation only in the upper hemisphere, i.e. a broadside radiation pattern is obtained. This can be clearly seen in Fig. 3 , where it is possible to compare the pattern of the magnitude of the E-field of a traditional Vivaldi antenna and the pattern of the new proposed structure. The plot confirms that the antenna radiates now in the upper hemisphere.
All the simulations have been carried out with a commercial full-wave simulation software. of the main parameters in the design. The total length of the antenna is 3.7 mm, while the total width is 2.6 mm. As shown in Fig. 4 , the simulation results indicate that the radiation pattern is nearly broadside, because the direction of the main beam is slightly tilted from the boresight direction. As can be seen from Fig. 4 , the tilt in the H-plane is not constant versus frequency and it increases from approximately 10
• at 75 GHz to more than 30
• at 81 GHz. Due to the symmetry of the structure, no tilt of the main beam is expected in the E-plane.
Later investigations proved that the beam squinting is mainly related to the geometry of the taper. Indeed, by using a constant-width slot antenna, similar to what was presented in [8] with the same set of metallic strips on the bottom side of the substrate, the squinting is highly reduced. An almost constant tilt from 75 GHz to 81 GHz is thus observed, as it can be seen in Fig. 5 . This additional property of the structure could be further exploited in a successive design of the proposed radiating element to control the tilt of the beam.
Also a nearly broadside radiation pattern can be clearly obtained also by using a metal plane instead of the set of metallic strips. This alternative design has also been examined. Although similar results are obtained in terms of impedance matching, the simulations showed that the tilt of the main beam related to the broadside radiation is significantly increased.
III. MEASUREMENT RESULTS
A prototype of the proposed antenna has been fabricated with standard photo-etching process. The manufactured prototype can be seen in Fig. 6 . The single layer structure is designed on a 127 µm-thick substrate (RO3003) from Rogers Corporation [7] with the relative permittivity ε r =3. The visual inspection showed roughly 20 µm etching tolerances.
A. Waveguide Transition
As can be seen from the picture of the fabricated protype in Fig. 6 , for measurement purposes the antenna has been integrated with a transition from rectangular waveguide (WR12) to slotline.
A more detailed view of the transition is depicted in Fig. 7 . First, a transition from waveguide to differential microstrip line (DMSL) is employed. The design is based on the transition presented in [9] and [10] . This transition transforms the TE 10 mode of the rectangular waveguide into the odd mode of the differential microstrip line by suppressing the even mode. In the second part of the transition, the odd mode of the DMSL is then transformed through a coplanar stripline in the slotline mode, which is needed to feed the Vivaldi antenna. The aforementioned steps are clearly highlighted in the model of Fig. 7 . The PCB is perpendicularly inserted in the rectangular waveguide, which is then terminated on the opposite side by a backshort. The mechanical components that are used in the transition are depicted in Fig. 8 . As can be seen in the pictures, both components have been extended to partially cover the DMSL with a hollow in the metallic mount. This solution reduces spurious radiation from the feeding and gives mechanical stability to the thin substrate.
B. Reflection Coefficient
First, the reflection coefficient has been measured. The comparison between the simulated and measured S 11 is reported in Fig. 9 . A good agreement is obtained. The simulation result refers to the relative permittivity of ε r =3.1 of the substrate. The used substrate is indeed not characterized at millimeterwave frequencies by the manufacturer and small differences in the value of the permittivity are therefore possible.
By means of time domain gating, the effect of the waveguide transition has been removed and the reference plane has been shifted to the beginning of the slotline. The comparison between simulation and measurement is depicted in Fig. 10 . As can be seen, the impedance matching is perfectly achieved in the frequency range of interest. 
C. Radiation Pattern and Gain
Afterwards, the radiation pattern of the antenna has been measured in the E-and H-plane. During the measurement in an anechoic chamber (see Fig. 11 ), the metallic cap of the transition and the frequency converter module have been covered with absorber material to minimize unwanted reflections.
The measurement results at 77 GHz are shown in Fig. 12 . When the Vivaldi antenna is integrated with the waveguide transition, significant ripples appear in the radiation pattern. Although the nearly broadside radiation of the antenna is still maintained, the frequency squint behavior can not be evaluated anymore. Similar results are obtained at other frequency points in the bandwidth of interest, but they are not reported in this paper to minimize duplication.
Finally, the gain of the fabricated antenna has been measured using a 25-dB standard gain horn antenna and then compared to the simulated values. As can be seen in Fig. 13 , in the frequency range from 75 GHz to 81 GHz a good agreement has been achieved with differences between the numerical and experimental data within 1 dB. The differences in the measured and simulated gain could be mainly due to fabrication inaccuracies. 
IV. CONCLUSION
In this paper, for the first time a modified Vivaldi antenna with broadside radiation pattern has been presented at millimeter-wave frequencies. It has been proved that by loading the back side of a Vivaldi antenna with a periodic set of metallic stripes it is possible to get a nearly broadside radiation pattern.
The measurement results of both the reflection coefficient and the radiation pattern are in good agreement with the numerical results. The measured gain is also close to the value predicted by the full-wave simulations in the frequency range of interest.
